In this work, polystyrene (PSt) nanocapsules were successfully prepared by one-stage redox Interfacial-initiated inversed micro-emulsion polymerization of styrene (St), the cumene hydroperoxide (CHPO) and tetraethylenepentamine (TEPA) as the redox initiation pairs. The water-soluble TEPA acted as the reducing component and the oil-soluble CHPO as the oxidant component of the redox initiation system. The primary radicals were produced mainly at the oil/water interface to initiate the polymerization of styrene (St). Core-shell polymeric PSt nanocapsules were obtained by one-stage polymerization via this method, which was supported by the techniques of transmission electron microscopy (TEM) and field emission scanning electron microscopy (FESEM). The particle size and polydispersity index (PDI) of nanocapsules were determined by dynamic light scattering (DLS). The results demonstrated that interfacial-initiated inversed microemulsion polymerization to form core-shell nanocapsules containing liquid cores by one-stage is successful.
Introduction
Emulsion polymerization is the commonest way of forming polymer latexes; in the simplest system, the ingredients comprise water, a monomer of low water solubility (e.g. styrene), water-soluble initiator (e.g. persulfate) and surfactant (latexes can also be synthesized without added surfactant and/or initiator, but these are not common). A new phase quickly forms: a polymer colloid, comprising a discrete phase of colloidally stable latex particles, dispersed in an aqueous continuous phase. Virtually all polymerization occurs within these nanoreactors. By the end of the reaction, these are typically ~5×10 2 nm in size, each containing many polymer chains. Colloidal stabilizers may be electrostatic (e.g. with an ionic surfactant such as sodium dodecyl sulfate), steric (with a steric, or polymeric, stabilizer such as poly(ethylene oxide) nonylphenyl ether), or electrosteric, displaying both stabilizing mechanisms, such as a "hairy layer" of poly(acrylic acid) grafted to long hydrophobic chains within the particles.
Emulsion polymerization is a widely used technique industrially to synthesize large quantities of latex for a multitude of applications. The use of water as the dispersion medium is environmentally friendly (compared to using volatile organic solvents) and also allows excellent heat dissipation during the course of the polymerization. Similarly, the low viscosity of the emulsion allows access to high weight fractions of polymer not readily accessible in solution or bulk polymerization reactions. The fact 2 that radicals are compartmentalized within particles and hence cannot terminate with a polymeric radical within another particle can, under certain circumstances, give higher polymerization rates and molecular weights than that are normally achievable in solution [1] . In order to control the synthesis of high molecular weight polyacrylamide homo-and co-polymers, while maintaining a commercially viable operation (high monomer concentrations), Vanderhoff et al. [2] developed a heterophase water-in-oil polymerization process which he termed "inverse emulsion". This involved the dispersion of an aqueous water soluble monomer, in a continuous organic phase. Stabilization was achieved sterically and the initiating species could reside either in the dispersed water phase (in analogy to suspension polymerization) or in the continuous oil phase (as is the case in classical emulsion polymerization). Further refinements to this process over the last four decades have involved the use of both aromatic and paraffinic continuous phases and various non-ionic emulsifier systems.
Significant progress has been made in recent years in the design and fabrication of functional polymeric capsules, which have attracted intense interest because of their potential applications such as delivery vesicles for drugs and dyes, protective shields for proteins, enzymes or DNA, micro-containers for catalysis, and self healing materials [3] [4] [5] . To meet the numerous requirements for encapsulation and to control the transport and delivery of encapsulated molecules under particularly demanding conditions, various functional polymeric capsules have been prepared that are sensitive to pH, temperature, or ionic strength using physical and chemical strategies such as the template method [6] [7] , the micelle formation method [8] , and the interfacial polymerization method [9] . Polymeric nanocapsules with core-shell structure are always a hotspot in material field, because these structures are known to have many potential applications. Usually, the shell of nanocapsules with coreshell structure is composed of polymer, including natural polymer and synthetic polymer [10] . The core could be solid [11] [12] [13] [14] , liquid [15] [16] [17] [18] , gas or void [19] [20] [21] . Polymeric nanocapsules with liquid core can be used as controlled delivery systems of drugs, dyes and enzymes, and protection of light-sensitive components. The common approaches to the preparation of polymeric nanocapsules include suspension polymerization [22] , distillation-precipitation polymerization [23] , seeded emulsion polymerization by utilizing the dynamic swelling method [24] , internal phase separation [25] . Several researchers [26] [27] [28] have obtained the nanocapsules with liquid core using the differences of interfacial tension and the phase separation process during micro-emulsion polymerization. Most of those approaches to prepare nanocapsules are involved in a multi-stage and time-consuming strategy. For example, polymer particles with core-shell structure are prepared through multi-stage emulsion polymerization followed with the removal of the corona through intentionally designed swelling [29] . However, there are few reports [30] to prepare polymeric nanocapsules via redox interfacial-initiated micro-emulsion polymerization at room temperature and ambient pressure. It was proposed that the primary radicals would be produced mainly at the oil-water interface, where the hydrophobic oxidant (CHPO) meets the hydrophilic reductant (TEPA) at the oil-water interface.
Redox initiation pairs have been used extensively in the emulsion polymerization of vinyl monomers [31] [32] [33] [34] [35] . Radicals can be produced rapidly compared with thermal initiators such as persulfate. Among them, the couple composed of one water-soluble component and one oil-soluble component exhibit different characteristics, i.e. radicals are formed mostly at the water-oil interface. In previous works, several groups have taken advantage of this interfacial-initiated emulsion polymerization to prepare various functional polymers or hybrid materials [36] [37] . There have been several other pairs of such redox initiators: tert-butyl hydroperoxide with different water-soluble reductants and CHPO/tetraethylene pentamine [38] [39] . In this study, we described the preparation of Core-Shell PSt nanocapsules containing liquid cores microspheres by one-stage through redox interfacial-initiated inversed microemulsion St.
Results and discussion

Preparation and confirmation of PSt nanocapsules micro-spheres
Sub-micrometer PSt nanocapsules were prepared through interfacial-initiated polymerization of St in inversed micro-emulsion as summarized in Table 1 Figure 1c shows FESEM image of solid nanocapsules, hollow structure with broken shell was identified while most spheres appeared irregular in shape due to the collapse of the PSt shell during the dryness. This is may be caused by a pressure generation within the nano sphere which caused the shell to break and electron beam of SEM to make the shell broken. The particle number average diameter ( n D ) is calculated following the Eq:
, the results are listed in Table 1 .
Fig. 2. Hydrodynamic radius distribution (f(R h )) of nanocapsules-A (a) and nanocapsules-B (b) in aqueous solution (T = 25 ºC, angle = 90º).
Hydrodynamic radius distribution (f(R h )) of PSt nanocapsules micro-spheres are demonstrated in Figure 2 and the results were listed in Table 1 , indicating a little broad distribution of PSt nanocapsules micro-spheres with R h of 61.5 and 74.2 nm, respectively. Gyration radius (R g ) of PSt nanocapsules micro-spheres is very close to their R h values of the relative determined by static light scattering and listed in Table  1 . The ratio of R h to R g for both nanocapsules A and B might suggest the PSt nanocapsules structure of PSt spheres, at the same time the size distribution is a 5 little broad. R h and R g increased with the amount of St, indicating that the construction of nanocapsules micro-spheres could be controlled by the amount of St.
Based on the above results, we deduced that PSt nanocapsules containing liquid cores micro-spheres were successfully prepared through this redox interfacialinitiated polymerization in inversed emulsion.
Mechanism for the formation of PSt nanocapsules containing liquid cores
PSt nanocapsules micro-spheres were prepared through one-stage interfacialinitiated polymerization in inversed emulsion and the probable mechanism was suggested as followed. In this polymerization initiated by the redox couple, the oilsoluble oxidant component of CHPO stayed in the media of inversed emulsion while the reductive water-soluble component of TEPA existed in the water phase. Primary radicals would be produced only at the oil-water interface where both of them encountered. The primary radicals initiated the polymerization of monomers St near the interface to form PSt propagating chains. PSt propagating chains might be anchored to the surfactant monolayer or escape to the media bulk. In our case, the anchoring could be caused by the interaction between the chains and the octyl group of OP. In the appropriate polymerization conditions, the anchoring of PSt chains would form a PSt-enriched layer at the oil-water interface and absorb the coming monomer. Due to the feature of primary radical formation, the polymerization would occur mainly at the interface. Propagating radicals had seldom the chance of escaping the interface to initiate the monomers in the oil media. In this way, PSt nanocapsules with PSt as the corona and the water as the core would be produced, as demonstrated in Figure 3 . 
Conclusions
We have successfully prepared PSt nanocapsules containing liquid cores microspheres through one-step interfacial-initiated micro-emulsion polymerization in the inversed emulsion. This interfacial-initiated polymerization provides an efficient, onestep route to synthesize polymer nanocapsules containing liquid cores. The size and the shell thickness can be controlled by the amount of monomer. The formation 6 feature of primary radicals and the anchoring effect of PSt chains to the interface were suggested to be the reasons for the formation of the liquid cores micro-spheres architecture.
Experimental
Materials
Cumene hydroperoxide (CHPO) was purchased From Sigma-Aldrich. St obtained from Shanghai Chemical Reagents Co., (Shanghai, PR China), St was washed with NaOH (10 wt %) aqueous solution and then with distilled water until PH = 7. After drying with anhydrous MgSO 4 to next day, St was distilled under vacuum before use. Tetra-ethylene-pentamine (TEPA), octylphenyl poly(ethylene glycol) ether (n = 4) (OP-4) and octylphenyl poly(ethylene glycol) ether (n = 10) (OP-10) were purchased from Shanghai Chemical Reagents Co., (Shanghai, PR China). All of the reactants and solvents are of analytical grade and used without any further purification.
Preparation of PSt nanocapsules containing liquid cores via interfacial-initiated emulsion polymerization
The typical procedure for the fabrication PSt nanocapsules micro-spheres is as follows: The nonionic surfactants OP-4 and OP-10 were selected as emulsifiers, and hexane was used as the continuous oil phase. In a typical experiment, OP-4 (3.084 g) and OP-10 (2.743 g) were dissolved in hexane (50 ml) to form the continuous phase. TEPA (60 mg) was dissolved in distillated water (3.5 ml) to form the disperse system. The disperse system was dropped into the continuous phase. Then the emulsion was heated to 35 °C while being purged with nitrogen for one hour. The oilsoluble components of St (1.5 nanocapsule-A or 2.0 g nanocapsule-B) crosslinking reagent divinylbenzene (DVB) (20 mg) and CHPO (100 mg) were dissolved in hexane (10 ml). The obtained solution was added dropwise into the inversed microemulsion in 2 h. The reaction continued for another 12 h to ascertain the limiting monomer conversion. The solid particles were obtained by being destabilized with ethanol, washed with hexane (to remove the surfactant molecule) and ethanol, centrifugated and dried under vacuum at room temperature.
Determination of monomer conversion
After the polymerization, the latex was drained of water, hexane, unreacted monomer in the presence of 1,4-diphenol under vacuum at 35 C until the weight of remaining substances changed no more. Thus, the solid contents of latex (SC) were obtained and the final values of overall conversion of monomers (Con) were calculated as below:
Where G, M and A are the weight of the total latex, monomers, the mass of redox initiator pair respectively.
Characterization
The latex was thinned with ethanol to 1000 times and one drop of the thinned latex was attached to a copper grid. After the evaporation of solvent naturally, the morphology of PSt nanocapsules micro-spheres was observed under Hitachi Model H-800 Transmission Electron Microscopy with an accelerating voltage of 200 kV. As for the morphology observation under Field-emission Scanning Electron Microscopy with the acceleration voltage of 10 kV, the solid particles were used by being attached to adhesive tape and coated with gold under vacuum.
After the latex was thinned with ethanol and dialyzed against distilled water for one week, dynamic radius (R h ) and gyration radius (R g ) of the latex particle were determined on a modified commercial Laser Light Scattering spectrometer (ALV/ SP-125) equipped with an ALV-5000 multi-digital time correlator and a He-Ne laser (632.8 nm). Before the measurement, the latex was further diluted with distilled water and dust-free was performed intensity-intensity time correlation function G(2)(t,q) was measured and its Laplace inversion resulted in a line-width distribution G( ). G( ) can be directly converted to the translational diffusion coefficient distribution G(D) or the hydrodynamic radius distribution f(Rh). Polydispersity index (PDI) of Rh was defined as Eq. 1. (1)
In static LLS, z-average root-mean square radius of gyration (or written as in a dilute solution/dispersion from Rayleigh ratio Rvv(q) was coarsely determined at certain concentration according to Eq. 2. 
where K = 4πn 2 (dn/dC) 2 /(NAλ 0 4 ) and q = (4πn/λ 0 )sin(θ/2) with NA, dn/dC, n, and λ0 being Avogadro constant, specific refractive index increment, solvent refractive index, and light wavelength in vacuum, respectively; and A 2 is the second virial coefficient. 
